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ABSTRACT
We investigate environmental effects on evolution of cluster galaxies under hierarchical structure formation
scenario using combination of a dissipationless N-body simulation and a semi-analytic model of galaxy formation.
The N-body simulation enables us to calculate orbits of galaxies in simulated clusters. Therefore we can include
stripping of cold gas from the galactic disks by ram pressure from an ICM in our model. In this paper we consider
galaxy mergers, stripping of diffuse hot gas from galactic halos as they infall into larger virialized objects, and
ram-pressure stripping of cold gas from galactic disks. We find that observed color and star formation gradients
in galaxy clusters are explained by the hot gas stripping as previous work has shown. Since the hot gas stripping
sufficiently suppress star formation in clusters, the ram-pressure stripping of cold gas hardly affects the global
properties of the cluster galaxies. We also examine whether the ram-pressure stripping can resolve the problem that
the simulated clusters contain too few galaxies with intermediate bulge-to-disk ratio under the hierarchical galaxy
formation. We, however, find that the ram-pressure stripping gives little change in morphologies of the cluster
galaxies. It suggests that the additional processes other than major mergers and ram-pressure stripping, which
affect the morphological evolution of disk-dominated galaxies, should be considered to reproduce the observed
intermediate population in clusters.
Subject headings: galaxies: formation — galaxies: evolution — galaxies: clusters: general — galaxies: halos —
galaxies: interactions
1. INTRODUCTION
Rich clusters of galaxies are the most suitable laboratory
for studying how galaxy environments affect galaxy properties.
The pioneering work by Butcher & Oemler (1978, 1984) has
demonstrated that distant clusters contain much higher fraction
of blue galaxies than nearby clusters. It has been also found that
galaxy morphology is a function of its environment (Dressler
1980; Whitmore, Gilmore, & Jones 1993). The most recent
advances have been made with the Hubble Space Telescope,
which allows the morphology of distant galaxies to be directly
compared with the properties of their nearby counter parts.
Dressler et al. (1997) and Couch et al. (1998) have suggested
that the predominant evolutionary effects are that the distant
clusters have a substantial deficit of S0 systems compared with
nearby clusters, and at lower luminosities they contain substan-
tial Sc-Sd spirals, compared with the large population of dwarf
spheroidals in present-day clusters. On the other hand, some
recent studies (e.g. Abraham et al. 1996; van Dokkum et. al.
1998; Balogh et. al. 1999) have focused on observed trends
in star formation rate (SFR) and morphology as a function of
position within a cluster. These studies have shown that there
is smooth transition from a blue, disk-dominated population of
galaxies in the outskirts of clusters to a red, bulge-dominated
population in the cluster cores.
Many authors have suggested that the predominance of red,
early-type galaxies in local clusters is the result of mechanisms
that suppress star formation in high-density environments. This
suppression makes galaxies within cluster cores redder and
leads to a transformation of galaxy morphology. Comparison
between the galaxy populations of local and distant clusters or
those in cluster cores and outskirts provides a strong evidence
for this scenario. This leads to a naive conclusion that the pri-
mary effect of the cluster environment is to transform luminous
spiral galaxies into S0 galaxies through the suppression of their
star formation.
Several mechanisms that may suppress the star formation and
transform one morphological type into another have been pro-
posed.
Interactions between galaxies are one possible process to
promote morphological transformation. N-body simulations
confirmed that major mergers between disk galaxies produce
galaxies resembling ellipticals as merger remnants (e.g. Barnes
1996) and that accretion of small satellites onto their host spi-
ral lead the morphology of the host spiral to S0 type (Walker,
Mihos, & Hernquist 1996). The galaxy mergers trigger the star
burst, therefore the cold gas contained in these galaxies are ex-
hausted in a very short time. These processes then cause the
truncation of the star formation. Although the bulge formation
scenario by major mergers gives an excellent explanation both
for colors (Kauffmann & Charlot 1998; Nagashima & Gouda
2001) and distribution of cluster ellipticals (Okamoto & Na-
gashima 2001; Diaferio et al. 2001), the observed S0 popula-
tion cannot be reproduced only by major mergers (Okamoto &
Nagashima 2001; Diaferio et al. 2001). In addition, the galaxy
mergers are predominant effect mainly before massive cluster
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formation, because, in clusters, the relative velocity of galax-
ies is too high for such mergers to be frequent (Ghigna et al.
1998; Okamoto & Habe 1999). Therefore the galaxy merger
is hardly promising as a key mechanism behind the Butcher-
Oemler effect. Moore et al. (1996) have examined the effects
of rapid gravitational encounters between galaxies. This mech-
anism has been called galaxy harassment and is highly effec-
tive at transforming fainter Sc-Sd galaxies to dSphs. While the
galaxy harassment can account for the observed evolution of
faint galaxies in clusters, the concentrated potentials of lumi-
nous Sa-Sb galaxies help to maintain their stability (Moore et
al. 1999), although their disks are substantially thickened.
The second mechanism is the truncation of star formation
through the removal of the diffuse hot gas reservoir that is con-
fined in galactic dark halos and surrounds galaxies (Larson,
Tinsley, & Caldwell 1980). In clusters, any hot diffuse mate-
rial originally trapped in the potential of the galactic halos be-
comes part of the overall intracluster medium (ICM). A galaxy
whose hot gas reservoir is removed slowly exhausts its cold gas
in a few gigayears (e.g. Gallagher, Bushouse, & Hunter 1989),
since there is no supply of the fresh gas from the surrounding
hot gas. This process is an important ingredient in the success
of semi-analytic models, which have been shown to reproduce
observed global cluster properties such as the morphological
composition and the blue galaxy fraction (e.g. Baugh, Cole, &
Frenk 1996; Kauffmann 1996). Although such slow truncation
after infalling into larger virialized halos explains the observed
star formation gradients in clusters (Balogh, Navarro, & Morris
2000) and the color evolution of cluster galaxies (Kodama &
Bower 2001), the lack of the population of intermediate bulge-
to-disk ratios cannot be solved even by including this mecha-
nism into the galaxy formation model (Diaferio et al. 2001).
The other mechanism is the ram-pressure stripping of the
cold gas from galactic disks (Gunn & Gott 1972). As a galaxy
orbits through a cluster, it undergoes a ram pressure from the
ICM. When the ram-pressure is greater than the binding force,
the cold gas will be stripped in ∼ 107 yr (Abadi, Moore, &
Bower 1999). Fujita & Nagashima (1999) have suggested that
the ram-pressure stripping increases B-band bulge-to-disk lumi-
nosity ratios of the disk galaxies owing to the rapid suppression
of the star formation in the disk component, and consequently
Sb galaxies change their morphology into S0 galaxies. Thus,
there is a possibility that the ram pressure stripping solve the
deficient intermediate population in clusters under the hierar-
chical galaxy formation.
In this study we investigate how these mechanisms affect
colors and morphologies of the cluster galaxies with a special
interest in the effects of the ram-pressure stripping. For this
purpose, the fully numerical simulations are still too expensive
and have a lot of difficulty in handling subgrid physics, e.g.
gas cooling, star formation, supernova feedback, chemical evo-
lution and so on, though recent work is beginning to achieve
some notable successes for the distribution of galaxy popula-
tions (e.g. Steinmetz & Müller 1995; Weinberg, Hernquist, &
Katz 1997; Blanton et al. 1999; Katz, Hernquist, & Weinberg
1999; Pearce et al. 1999; Cen & Ostriker 2000).
Alternative method to study the evolution of galaxy popu-
lation is the semi-analytic modeling of galaxy formation (e.g.
Kauffmann, White, & Guiderdoni 1993; Cole et al. 1994;
Somerville & Primack 1999; Cole et al. 2000; Nagashima et
al. 2001), which follows the collapse and merging of dark halos
by using a probabilistic method on the mass distribution based
upon an extension of the Press-Schechter formalism (Press &
Schechter 1972; Bond et al. 1991; Bower 1991; Lacey & Cole
1993) and in which the subgrid physics is incorporated with the
merging histories of dark matter halos assuming simple scaling
laws.
As a natural expansion of this approach, hybrid methods
of cosmological N-body simulations and the phenomenologi-
cal model of galaxy formation used in the semi-analytic tech-
niques have been developed (Roukema et al. 1997; Kauffmann
et al. 1999; Benson et al. 2000). In order to obtain the spatial
and velocity distribution of the galaxies and to treat the merg-
ers between galaxies in the cluster environment, several authors
have adapted the refinements of hybrid methods, which traces
the merging histories of substructures within virialized halos
(Okamoto & Nagashima 2001; Springel et al. 2000).
Since this method enables us to calculate orbits of galaxies in
clusters, we can incorporate the ram-pressure stripping process
in our model. Using this method we here explore effects of two
kinds of gas stripping, i.e. the stripping of diffuse hot gas from
galactic halos and the ram-pressure stripping of cold gas from
galactic disks, on properties of cluster galaxies as a function of
projected clustercentric distance.
We compare our simulated cluster at z = 0.2 to an ob-
served sample that is constructed by superposing 7 low redshift
CNOC1 (Yee, Ellingson, & Carlberg 1996) clusters (0.18 < z <
0.3). To compare our results with the observations, we rescale
our simulated cluster and the CNOC1 clusters by R200 which is
the radius of the sphere centered on the center of a cluster and
whose density is 200 times the critical density of the universe
at a given redshift.
In §2, we describe an outline of the galaxy formation model
used here and we show the characteristics of our model in §3.
Results on the luminosity functions, star formation gradients,
color gradients, and morphological gradients are presented in
§4. These results are discussed in §5.
2. MODEL
We examine the evolution of cluster galaxies in a CDM
univers (Ω0 = 0.3, 0 = 0.7, h ≡ H0/100 km s−1 Mpc−1 = 0.7,
σ8 = 1). The baryon density is set to Ωb = 0.015h−2.
The outline of the procedures of galaxy formation is as fol-
lows. At first, the merging paths of dark halos are realized by
a cosmological N-body simulation. At this stage, it is deter-
mined for each halo whether it is a central halo of its virialized
host halo or it is a substructure of its host. Next, in each merg-
ing path, evolution of the baryonic components, namely, gas
cooling, star formation, supernova feedback, and chemical evo-
lution, are calculated based on an ordinary semi-analytic galaxy
formation model. We refer a system consisting of the stars and
cold gas as a galaxy. When two or more galactic halos merge
together, we estimate merging time-scale based on dynamical
friction time-scale. As merging of galaxies occurs, we change
the morphology of the merger remnant according to the type of
the merger. Finally, we calculate the luminosity and color of
each galaxy based on the stellar populations that compose the
galaxy.
2.1. Simulations
We first describe two simulations used in this paper and their
specific purpose. These simulations are the same as the simu-
lations by Okamoto & Habe (1999, 2000) except for the back-
ground cosmology.
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For a main simulation, we adopt the constrained random
field method to generate the initial density perturbation field
in which a rich cluster is formed at the center of a simula-
tion sphere of radius 22.5 h−1 Mpc (Hoffman & Ribak 1991).
The constraint that we impose is the 3 σ peak with the 8 Mpc
Gaussian smoothed density field at the center of the simulation
sphere. We refer this simulation as the cluster simulation.
Another simulation represents an average piece of the uni-
verse corresponding to the field environment within a sphere of
radius 20 h−1 Mpc without any constraints. We use this simula-
tion to normalize the parameters in our galaxy formation model
and to compare the galaxy population to that in the cluster sim-
ulation.
To get sufficient resolution with a relatively small number of
particles we use the multimass initial condition for each simu-
lation. In the field simulation, we put the high-resolution par-
ticles in the sphere of radius 10 h−1 Mpc and in the remaining
region we put the low-resolution particles as boundary parti-
cles. On the other hand, we adopt the resimulation technique
for the cluster simulation (Okamoto & Habe 1999). That is,
first, only long-wavelength components are used for the real-
ization of the initial perturbation in the simulation sphere using
∼ 105 particles, and then we perform a simulation with these
low-resolution particles. After this procedure, we tag the parti-
cles that are inside the sphere of radius 3 Mpc centered on the
cluster center at z = 0. Next we go back to the initial redshift,
and then we divide the tagged particles according to the density
perturbation that is produced by additional shorter wavelength
components. As a result, the number of the high-resolution
particles becomes ∼ 106. We adopt same mass and softening
length of a high-resolution particle in each simulation. Our
analyses are operated only for these high-resolution particles.
The overall parameters and mass of the most massive virial-
ized object in each simulation at z = 0 are listed in Table 1.
2.2. Halo Identification and Construction of Merger Trees
The method to create merging history trees of dark halos is
basically the same as Okamoto & Habe (2000), while we make
some improvement based on Springel et al. (2000).
To construct the merger trees we identify virialized halos and
their substructures at 34 time-steps during z = 20 and z = 0. This
procedure is as follows.
At each time-step, we calculate density field by smoothing
each particle using the SPH-like method with neighboring 64
particles. At a given redshift, particles with local densities
greater than one-third of the virial density at that epoch are
tagged. We then operate the friends-of-friends (FOF) group-
ing algorithm (Davis et al. 1985) on the tagged particles. The
linking length is defined as bl, where l is the mean particle sep-













where ρvir is the virial density calculated by spherical collapse
model at a given redshift and ρ is the background density of
the universe. Eq. (1) gives ∼ 0.2 when we assume 200 as the
virial overdensity, which is often used in the case of the critical
universe. We identify the groups that contain more than 10 par-
ticles as the virialized objects. We call these halos FOF-halos.
Next, we divide these FOF-halos into substructures accord-
ing to their density peaks. For this purpose, we use SKID al-
gorithm (Governato et al. 1997) as a substructure finder. The
particles contained in the FOF-halos are moved along the den-
sity gradients to the local density maxima. At each density
peak, the localized particles are grouped. After we remove the
gravitationally unbound particles in each group, we identify the
groups that contain more than 10 particles as substructures. We
call these groups SKID-halos. A SKID-halo that contains the
most bound particle of each host FOF-halo is defined as a cen-
tral SKID-halo and its properties are replaced by those of the
host FOF-halo. In Fig. 1, we show the density map of the clus-
ter at z = 0 and the particles in the FOF-halos and the SKID
halos.
The merger tree of each SKID-halo is constructed by the
method in Okamoto & Habe (2000). Note that we trace halo-
stripped galaxies as well as the SKID halos using the most
bound particle in a SKID-halo as a tracer particle (see Okamoto
& Habe 1999, 2000).
Finally, we remove newly formed non-central SKID-halos
and their descendants from the merger trees so that SKID-halos
are always born as central SKID-halos.
2.3. Galaxy Formation Model
The following prescriptions are almost the same as the model
in Okamoto & Nagashima (2001).
2.3.1. Gas Cooling
For simplicity, a dark halo is modeled as an isothermal sphere
whose mass and circular velocity are taken from the N-body
data. The source of the diffuse gas in a virialized halo is hot
gas contained in its progenitor halos and in the accreting mat-
ter. The baryon fraction of the accreting matter is defined as
fb = Ωb/Ω0. We assume that the hot gas has the distribution
that parallels to that of the dark matter with the virial tempera-
ture of the halo.
The cooling time-scale τcool is obtained as a function of the
radius from the hot gas density profile, the temperature of the









where µmp is the mean molecular weight, ne(r) is the electron
number density at the radius r, and k is the Boltzmann con-
stant. Using the zero-metallicity and solar-metallicity cooling
functions given by Sutherland & Dopita (1993), the cooling ef-
ficiency depending on the metallicity of the gas is calculated by
interpolation and extrapolation.
We assume that diffuse hot gas contained in a halo is reheated
by shock to the virial temperature of the halo when the halo
mass becomes more than double of the forming or last reheat-
ing time (Somerville & Primack 1999). The cooling radius,
rcool, is defined as a radius at which the cooling time-scale, τcool,
equals to the elapsed time from last reheating time of the halo.
The hot gas that distributes between rcool(t) and rcool(t +t) is
cooled and added to the cold gas reservoir of the galaxy during
the time-step, t.
2.3.2. Star Formation and Supernova Feedback
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where eq.(3) denotes the rate of stars newly formed and τ∗ is
the star formation time-scale. It means that the cold gas in a
disk is almost consumed in τ∗ if there is not any supply of the
fresh gas. When the star formation time-scale is a function of
redshift as in the case of τ∗ ∝ τdyn, where τdyn is the dynamical
time of a galaxy, the observed properties of the high redshift
galaxies cannot be reproduced (Kauffmann & Haehnelt 2000;
Somerville, Primack, & Faber 2001; Nagashima et al. 2001).







where τ 0∗ and α∗ are free parameters. The first, τ0∗ , determines
the star formation time-scale in the galaxy with Vc = 300 km
s−1, while the second, α∗, determines how this time-scale varies
with circular velocity.
When stars form, massive stars with short lifetime explode
and heat up the surrounding cold gas. The number of super no-
vae per solar mass of newly formed stars is ηSN ' 7×10−3M−1
for the Salpeter’s (1955) initial mass function (IMF). The en-
ergy from a supernovae, ESN, is about 1051 erg. When a fraction
 of the released energy is used to heat up surrounding cold gas,







This feedback process has many uncertainties actually, and








where Vhot and αhot are free parameters. Eq.(5), which is
adopted by Kauffmann, White, & Guiderdoni (1993), corre-
sponds to αhot = 2.0 when  is independent of Vc, and Cole et al.
(2000) also use this value in their reference model. Therefore
we here adopt αhot = 2.0, and then we will adjust Vhot to repro-
duce the observed luminosity functions of the local galaxies.
We assume that the heated gas by the feedback returns to the
halo when the mass of the host FOF-halo is doubled, i.e. next
reheating time (Cole et al. 1994).
2.3.3. Mergers of Galaxies and Bulge Formation
When two or more SKID-halos merge together, we identify
a central galaxy of the largest progenitor as a central galaxy of
the new common SKID-halo. Note that galaxies must be born
as centrals. Other galaxies are identified as satellites. These










where rhalo and Vc are the radius and circular velocity of the
new common halo, respectively, Msat is the total mass of the
halo to which the satellite belonged as the central galaxy or
the mass of the galaxy composed by stars and cold gas in
the case that the satellite was the halo-stripped galaxy, and
lnC is the Coulomb logarithm, which is approximated as
' ln(1 + M2halo/M2sat) (Somerville & Primack 1999). The func-
tion f () describes the dependence of the orbital decay on the
eccentricity of the orbit, expressed in terms of  = J/Jc(E),
where Jc(E) is the angular momentum of a circular orbit with
the same energy as the satellite. This function is well approxi-
mated by f () ' 0.78, for  > 0.02 (Lacey & Cole 1993). C is
a constant with value ' 0.43. For f (), we adopt the average
value, < f () >' 0.5, computed by Tormen (1997) according to
Kauffmann et al. (1999). When mass of a SKID-halo becomes
more than double of that at its forming epoch, we recalculate
this time-scale because orbits of satellites may be violently dis-
turbed in such a case similar to the reheating of hot gas in FOF-
halos.
When a satellite galaxy merges with a central galaxy and the
mass ratio of the satellite to the central galaxy is larger than
fbulge, we regard this merger as a major merger, and then all
stars of the satellite and disk stars of the central galaxy are in-
corporated with the bulge of the central galaxy. At the same
time, cold gas contained in both galaxies is consumed to form
bulge stars by starburst with the same feedback law as in the
disk star formation.
If the mass ratio does not exceed the value of the parameter,
fbulge, the merger is classified as minor. In the minor merger,
the disk of the central galaxy is preserved, no starburst takes
place, and the stars from the satellites are added to the bulge of
the central galaxy.
In this paper, we adopt fbulge = 0.2 that was used for the
low-density universe by Okamoto & Nagashima (2001). We
confirmed that our results hardly depend on fbulge, since our
morphological classification based on bulge-to-disk luminosity
ratio is normalized to reproduce the observed morphological
composition in the field.
2.3.4. Chemical Evolution
Chemical evolution is treated in almost the same way as
described in Kauffmann & Charlot (1998) and Nagashima &
Gouda (2001). The instantaneous recycling approximation is
adopted. The amount of metals ejected from evolved stars is
characterized by y, which is heavy element yield for each gen-
eration of stars. The gas fraction returned by evolved stars is
0.25 in this paper. Simultaneously, the supernovae heat up the
surrounding cold gas, then metals contained in the cold gas are
also returned to the hot gas.
2.3.5. Stellar Population Synthesis and Identification of
Morphologies
In order to compare our results with observations directly,
stellar population synthesis model that is combined with star
formation histories of galaxies estimated by our model must
be considered. We use a simple stellar population given by
Kodama & Arimoto (1997). The IMF that we adopt is the
Salpeter type with a slope of 1.35, and the mass range is
0.1M ∼ 60M. The luminosity of disks and bulges is given
by this model in each pass-band according to the metallicities
and ages of stars. Note that in this paper we do not attempt to
model the effects of dust. Although these effects can be sub-
stantial in gas rich late-type galaxies and would affect our re-
sults (Somerville & Primack 1999; Cole et al. 2000), we here
concentrate on the effects of gas stripping.
In §2.3.3, we divided the stellar component into disk and
bulge components. In the previous semianalytic studies, mor-
phology of each galaxies have been determined by the B-band
bulge-to-disk luminosity ratio (B/D). Simien & de Vaucouleurs
(1986) showed that the Hubble types T of galaxies correlated
with B/D by following relation,
< M >= 0.324(T + 5) − 0.054(T + 5)2 + 0.0047(T + 5)3, (8)
where M ≡MbulgeB − MtotalB . In this paper we use this relation
to assign the Hubble type to our model galaxies. However, this
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relation has significant scatter (Baugh, Cole, & Frenk 1996),
therefore we prefer direct comparison of B/D of model galax-
ies with B/D of observed galaxies as we will describe in §4.4.
2.3.6. Stripping of Diffuse Hot Gas
We include stripping of diffuse hot gas in galactic halos into
our modeling as follows. When a FOF-halo contains more than
two SKID-halos, we identify the central SKID-halo and prop-
erties of this central SKID-halo are replaced with those of the
host FOF-halo as we mentioned in §2.2. The hot gas con-
tained in the non-central SKID-halos are simply added to hot
gas reservoir of the host FOF-halo (i.e. the central SKID-halo),
therefore only the central galaxy in the central SKID-halo can
be supplied with the fresh cold gas by radiative cooling. This
process has already been included in the previous semi-analytic
studies based on the extended Press-Schechter model or com-
bination with N-body simulations and led significant success
(e.g. Baugh, Cole, & Frenk 1996; Kauffmann & Charlot 1998;
Diaferio et al. 2001).
2.3.7. Ram-pressure Stripping of Cold Gas Disk
By following simple method, we estimate stripping effects
of cold gas contained in galactic disks by ram-pressure from an
ICM.
In order to estimate the strength of the ram-pressure, we need
to know orbits of cluster galaxies. For this purpose, we as-
sume that the clusters have NFW-type of density distribution
(Navarro, Frenk, & White 1997, hereafter NFW) and then we
fit the density profile of the main cluster (i.e. the most massive
virialized object) at each time-step of the merging history by
the NFW profile,
ρ(r) = ρ0(r/rs)(1 + r/rs)2 , (9)
where ρ0 and rs are fitting parameters. Once we fit the density
profile of a cluster, we can calculate the potential energy as a
function of the distance from the cluster center,







where r is the distance from the cluster center. Then we calcu-
late the orbits of the galaxies within 2Rvir from the center of the
main cluster using their positions and relative velocities to the
cluster.
We assume that ingoing galaxies are stripped their pericen-
tric positions during the time-step of its merger tree and out-
going galaxies are stripped at their present positions. Since
some galaxies have much longer orbiting periods than the time-
step of their merger trees (∼ 0.5 Gyr), we may overestimate the
stripping effect for such galaxies. It should be noted that, in this
paper, we examine only the case that the ram-pressure stripping
is quite efficient.
The ram-pressure from the ICM is
Pram = ρICMv2gal, (11)
where ρICM is the density of the ICM and vgal is the velocity of a
galaxy relative to the ICM. We suppose that the ICM distributes
parallel to the dark matter for simplicity. The density of the
ICM is obtained as fbρDM(r), where ρDM(r) is taken from the
NFW fit. We also attempted the ICM distribution that has the
Coma-like core, i.e. ρc = 7.98×10−27h 12 g cm−3 (Briel, Henry,
& Böhringer 1992), and then we found that results are almost
identical. Therefore we show only the results in the case of the
ICM distribution parallelized to dark matter. For the cold gas,
the restoring force per unit area due to the gravity of the galactic
disk is given by
Fgrav,cold = 2piG∗,diskcold, (12)
where ∗,disk is surface density of the stellar disk and cold is
that of the cold gas (Gunn & Gott 1972). We calculate ∗,disk
according to the relation ∗,disk = (2piG)−1V 2c R−1 (Binney &
Tremaine 1987), where Vc is the circular velocity of the galaxy
and R is the radius of the disk. We use the half mass radius of
the disk as R. Assuming cold ∝ ∗,disk, the surface density of
the cold gas can be given by cold = (Mcold/M∗,disk)∗,disk.
Because we consider the most efficient case of the ram-
pressure stripping, all of the cold gas is stripped when
Pram > Fgrav. (13)
The stripped cold gas is mixed with the hot gas of the host FOF-
halo.
3. MODEL SETS
In this paper we investigate following three models to clarify
effects of the gas stripping.
In the first model, we consider only the hot gas stripping for
the galaxies in the cluster simulation. Since this treatment is the
same as the traditional semi-analytic models, we call this model
the standard model. In the second model, we include the ram-
pressure stripping of the cold gas besides the hot gas stripping.
We refer this model as the ram-pressure model. By comparison
of these two models we show the effects of the ram-pressure
stripping. The final model is the same as the standard model but
for the field simulation. We call this model the field model and
use to specify the parameters in our galaxy formation model
so that the properties of the galaxies in this model reproduce
the observational properties of the local galaxies. Because the
most of bright galaxies in the field model are the central galax-
ies of the central SKID-halos, influence of the hot gas stripping
is probably negligible for such galaxies. Therefore we can see
the effects of the hot gas stripping by comparing this model
with the standard model for the cluster simulation.
3.1. Parameter setting
In this subsection we show characteristics of our reference
model and how the model parameters affect properties of galax-
ies. The values of the parameters used in the reference model
are listed in Table 2.
As shown in Cole et al. (2000), luminosity function has
strong dependence only on the feedback parameters, Vhot and
αhot. First, we examine influence of the model parameters upon
luminosity functions of the galaxies in the field model. In Fig.
2, we show the observed B-band luminosity functions from
APM (Loverdy et al. 1992), ESP (Zucca et al. 1997), UKST
(Ratcliffe et al. 1998), and 2dF (Folkes et al. 1999) and the
model luminosity functions at z = 0. The reference model (solid
line) and the model that is changed the star formation parame-
ters, τ0∗ = 1.0 Gyr and α∗ = −2.0 (dotted line), show similar lu-
minosity functions, although there is small difference at bright
end because of the small simulation volume of the field simu-
lation. It is confirmed that the star formation parameters hardly
affect the luminosity functions and this result is consistent with
Cole et al. (2000). It is also found that the model luminos-
ity function is smaller than the observations at the intermedi-
ate luminosity range and the slope at faint-end is steeper than
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those. This difference may cancel out if random collisions be-
tween satellite galaxies by the mean free time-scale are consid-
ered (Somerville & Primack 1999) or if we use a higher reso-
lution simulation that enables us to identify dark halos of small
satellite galaxies (Springel et al. 2000). The luminosity func-
tion with strong feedback, Vhot = 300 km s−1 is represented by
dashed line. The strong feedback decreases the number of faint
galaxies. We have confirmed that the choice of these parameters
does not change our conclusion if we choose these parameters
in order to reproduce the observed cold gas content in the local
late-type galaxies, as we will describe in the following para-
graph.
When examining the effects of gas stripping, the most im-
portant normalization of our model is specifying the model pa-
rameters so that they reproduce the observed cold gas fraction
in galaxies that reside in the environment where the stripping
effects are negligible. The cold gas content of galaxies are
strongly affected by the star formation parameters, τ0∗ and α∗
(Cole et al. 2000). Fig. 3 shows how the amount of cold gas in
spiral and irregular galaxies depends on galaxy luminosity. The
observational data are taken from the HI observation by Hucht-
meier & Richter (1988), which come from a complete sample
of the galaxies with morphological type T ≥ 1. We classify our
galaxy according to eq. (8) and choose the galaxy with T ≥ 1.
In the upper panel we show the cold hydrogen fraction of the
field galaxies with the reference model (solid line). It is found
that this model reproduces the observation well. In the lower
panel we show the models with τ 0∗ = 1.0 Gyr (solid line) and
α∗ = 0.0 (dotted line). In the case of α∗ = 0 the star forma-
tion time-scale is a constant for all galaxies. In this case, the
faint galaxies in the model typically contain much less cold gas
than the observation (see also Cole et al. 2000). The model
with τ 0∗ = 1 Gyr shows the effect of varying τ0∗ . The short star
formation time-scale reduces the amount of the cold gas of the
galaxies in all luminosity range.
It should be noted that we neglect the H2 content, therefore
we underestimate the amount of the cold hydrogen in the ob-
served galaxies. However such small deference probably does
not affect our results and may be absorbed in errors.
The chemical yield in the reference model is specified so that
the color-magnitude relations (CMRs) of cluster ellipticals at
z = 0 in our standard model reproduces the observational CMRs.
We here identify the model galaxies with T < −2.5 according
to eq. (8) as ellipticals. In Fig. 4, we show the observational
CMRs (Bower, Lucy, & Ellis 1992) applied aperture correction
(solid line, Kodama et al. 1998) and the CMRs of the model
ellipticals within the cluster core (r < 0.5h−1 Mpc). We plot the
CMRs for the reference model (y = 3.0Z) in the left panels,
and CMRs for the model with y = 2.0Z in the right panels. We
find that the value of the chemical yield is directly reflected in
the CMRs of cluster ellipticals and large yield such as y = 3.0Z
is needed to reproduce the observations in our model. With
the reference model, metallicity of the ICM at z = 0 becomes
∼ 0.37Z.
In this paper we investigate effects of gas stripping on cluster
galaxies with the reference model.
4. RESULTS
4.1. Global Properties
Before we investigate radial gradients, we show global prop-
erties of our model galaxies.
In Fig. 5, we show B-band luminosity functions of cluster
galaxies in the standard and ram-pressure models at z = 0. We
also show the observed luminosity function in the Virgo clus-
ter (Sandage, Binggeli, & Tammann 1985). We cannot find
significant difference between these two models. Each model
luminosity function reproduces the observed one well, although
the number of the galaxies in the intermediate luminosity range
is slightly smaller than the observation smilar to the luminosity
functions in the field model.
To see effects of gas stripping on colors of galaxies, CMRs
for all types of galaxies in the field model and galaxies within
cluster cores (r < 0.5h−1 Mpc) in the standard and ram-pressure
models are shown in Fig. 6. In all models we classify the
galaxies with T < 0.92 according to eq. (8) as early-type galax-
ies (diamonds) and others as late-type galaxies (pluses). In the
standard model, the blue population seen in the field model is
vanished, and then the galaxies distribute within ±2 mag from
the CMR for the observed cluster ellipticals (solid line, Bower,
Lucy, & Ellis 1992) as observed in Coma cluster (Terlevich,
Caldwell, & Bower 2001). This is probably caused by the
hot gas stripping in the standard model and earlier formation
epochs of galactic halos in the cluster environment (Gottlöber,
Klypin, & Kravtsov 2001). Although, in the ram-pressure
model, the CMR becomes redder at the faint end than that in
the standard model, they are quite similar and both well repro-
duce the observation.
It is also found that the CMR for early-type galaxies in the
field model have almost the same slope as that for cluster ellip-
ticals, while it is bluer than those for the cluster population and
has large scatter at faint end. It is because that field ellipticals
has the same metallicity-magnitude relation as cluster ellipti-
cals (Kauffmann & Charlot 1998) and the stars in the field el-
lipticals are younger then those in the cluster ellipticals (Baugh,
Cole, & Frenk 1996; Kauffmann & Charlot 1998). In our case,
the cluster ellipticals in the standard model have uniform ages
(∼ 10 Gyr), while the ages of the ellipticals in the field model
widely distribute from 1 Gyr to 10 Gyr. The younger ages of
field early-type galaxies are explained by the fact that in the
field environment merger rate has a peak at lower redshift than
in the cluster forming regions (Okamoto & Habe 2000; Got-
tlöber, Klypin, & Kravtsov 2001) and collapse epochs of dark
halos in the field environment are also later than in the clus-
ter forming regions (Gottlöber, Klypin, & Kravtsov 2001). The
merger rate in the cluster forming regions quickly decreases af-
ter the peak epoch, and then the merger rate in the field environ-
ment become larger than that in the cluster forming regions at
z < 2 (Okamoto & Habe 1999; Gottlöber, Klypin, & Kravtsov
2001).
In the next subsection we will explore why the standard and
ram-pressure models produce almost the same galaxy popula-
tions, and we will make detailed analysis on colors and mor-
phologies in the following subsections.
4.2. SFR Gradients
Recently, many authors have analyzed radial trends in SFR
(Balogh et al. 1998; Balogh et. al. 1999; Ellingson et al. 2001)
of galaxies in the CNOC1 sample (Yee, Ellingson, & Carlberg
1996) . In order to clarify effects of the ram-pressure on SFRs,
we compare the SFRs in the standard model with those in the
ram-pressure model as a function of projected radius.
In Fig. 6 we show the observed SFR distribution taken from
Diaferio et al. (2001). The galaxies brighter than MR = −20.5
are selected assuming the same cosmology as our simulations.
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In this figure we show the low redshift sample of Diaferio et
al. (2001), that is, the data were constructed by superposing 7
CNOC1 clusters at the redshift range between 0.18 < z < 0.3.
Hereafter, we refer this superposing sample as the CNOC sam-
ple in this paper. The details are given in Diaferio et al. (2001)
and references therein. According to Diaferio et al. (2001) we
regard this superposed data as the data from clusters at z∼ 0.2.
We show the relative SFRs, i. e. they are normalized by the
field median value obtained from the same redshift range, be-
cause the observed SFRs determined by WOII have a lot of un-
certainties. We also show SFRs of our cluster galaxies with
MR < −20.5 at z = 0.2. In this luminosity range, most of our
galaxies have their SKID-halos. Both of the observational and
simulation data, we exclude the brightest cluster galaxies be-
cause they often have quite different properties from other clus-
ter galaxies.
It is found that the both models reproduce the observed SFR
distribution of cluster galaxies relative to the field quite well.
It is also found that, inside the cluster virial radius, the median
SFR in the ram-pressure model is lower than that in the standard
model. Although we can see such effect by the ram-pressure
stripping in the SFR distribution, the difference between two
models is very small and it cannot be distinguished observa-
tionally, because, only by the hot gas stripping, the SFRs of the
cluster galaxies are sufficiently suppressed and they become al-
most 0 near the cluster center. This result is consistent with the
previous studies that have suggested that the slow truncation of
the star formation in clusters, which is expected in the case of
the hot gas stripping, gives good explanation of the observed
SFR gradients (Balogh, Navarro, & Morris 2000; Diaferio et
al. 2001).
Since the hot gas stripping is very efficient, there is little
cold gas in a disk when the cold gas is stripped by the ram-
pressure. It is the reason why the models with and without the
ram-pressure stripping produce the similar galaxy populations.
4.3. Color Gradients
Color of a galaxy reflects the SFR of the galaxy and is more
reliable observable than the SFR. It has been known that galax-
ies in inner regions of clusters are redder than those in outer
region (Butcher & Oemler 1984). Recent observations have
confirmed the existence of the color gradients, and besides, it
continues to large radii beyond the virial radii (∼ 2R200) (Abra-
ham et al. 1996; Carlberg et al. 1997).
In Fig. 7 we show the B−V colors of the cluster galaxies as a
function of the projected radius at z = 0.2. As the observational
counterpart, we use the same sample that we used for the SFR
gradients and the data are taken from Diaferio et al. (2001).
That is, we choose the galaxies brighter than MR = −20.5 again.
Both models reproduce the observed trend quite well. In
the ram-pressure model the colors of the galaxies inside R200
become redder than the galaxies in the standard model. It di-
rectly reflects the suppression of the star formation by the ram-
pressure stripping, which is seen in Fig. 6. However, the differ-
ence between these two models is not significant, because the
cluster galaxies are sufficiently reddened only by the hot gas
stripping compared with the field population.
The colors of the galaxies in each model are slightly redder
than those of the CNOC sample. It is partly explained by the
fact that our cluster samples are less contaminated by the field
population than the observations, because we only calculated
the small region around the cluster as we mentioned in §2.1.
4.4. Morphological Gradients
It is well established that galaxy morphology varies with a
density of neighboring galaxies (morphology-density relation;
Dressler 1980) or a clustercentric distance (morphology-radius
relation; Whitmore, Gilmore, & Jones 1993) in nearby clusters.
Whitmore, Gilmore, & Jones (1993) have found that if they nor-
malize the clustercentric distance by a characteristic radius of
each cluster, the morphology-radius relation becomes universal
and independent of the richness of the clusters.
Recently, some authors have studied the morphology-density
or morphology-radius relations by using hybrid method of N-
body simulations and semi-analytic models (Okamoto & Na-
gashima 2001; Diaferio et al. 2001; Springel et al. 2000). All
these papers conclude that the morphological evolution only by
major mergers cannot explain the S0 or intermediate popula-
tions in clusters and additional processes are required to under-
stand this population.
One possible process is the ram-pressure stripping of the cold
gas in a galactic disk (Gunn & Gott 1972; Fujita & Nagashima
1999). According to Fujita & Nagashima (1999), at a central
part of a cluster, the SFR of the disk component rapidly drops
owing to the ram-pressure stripping, and then the galaxy be-
comes red and the disk becomes dark. They have suggested
that a Sb galaxy is turned into a S0 galaxy as a result of the
ram-pressure stripping.
We here examine this hypothesis by comparing our galaxy
populations in the ram-pressure model with those in the stan-
dard model and the CNOC sample. Since we do not have any
information about galaxy morphology in our models except for
bulge-to-disk luminosity ratios, we classify the galaxies only by
the bulge-to-disk luminosity ratios both in our models and the
CNOC sample. According to Balogh et al. (1998), we clas-
sify our sample into three classes: a bulge-dominated class,
a disk-dominated class, and an intermediate class. In CNOC
sample, Diaferio et al. (2001) have split the galaxy population
based on the r-band bulge-to-total luminosity ratios (B/T ), and
then galaxies with B/T > 0.7 are identified as bulge-dominated
galaxies, B/T < 0.4 as disk-dominated galaxies, and 0.4 <
B/T < 0.7 as intermediate galaxies. We classify our model
galaxies based on the B-band B/T . The boundaries between
the morphological classes are chosen so that the morphologi-
cal fractions in the field model match the fractions of the field
galaxies in the CNOC sample. As a result, the galaxies with
B-band B/T > 0.4 are identified as bulge-dominated galaxies,
B/T < 0.25 as disk-dominated galaxies, and 0.25 < B/T < 0.4
as intermediate galaxies. The morphological fractions of field
galaxies with MR < −20.5 are shown in the right of the top panel
and middle panel of Fig. 8 for the CNOC sample and the stan-
dard model, respectively.
The fractions of galaxies with MR < −20.5 in each class as a
function of projected clustercentric radius are shown in Fig. 8.
In the top, middle, and bottom panels, we show the fractions in
the CNOC sample, standard model, and ram-pressure model,
respectively. By comparison of the CNOC sample with the
standard model, it is found that the bulge-dominated fraction in
our model agrees with the observation within the errors, while
the intermediate fraction in our model is much smaller than ob-
served one. This problem has been indicated as a shortcoming
of the major merger induced morphological evolution model
(Okamoto & Nagashima 2001; Diaferio et al. 2001). When we
consider the ram-pressure stripping, the bulge-dominated and
intermediate fractions are increased in the innermost two bins
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and show better agreement with the observation. This increase
is, however, quite small, and then the deficient of the interme-
diate galaxies is still significant.
This result is naturally expected from the fact that the SFRs
of our cluster galaxies are sufficiently suppressed solely by the
hot gas stripping and then the effect of the ram-pressure strip-
ping becomes small (Fig. 6).
One might think that the shortage of the intermediate pop-
ulation is an artifact by our morphological classification. We
then adapt wider B/T range for the intermediate galaxies. To
solve the problem of too large disk-dominated fraction and
too small intermediate fraction, we identify the galaxies with
0.15 < B/T < 0.4 as the intermediate galaxies. The results are
shown in Fig. 10. The intermediate fraction in the standard
model is increased by this change, and then it becomes compa-
rable with the observation in the outer regions. At the central
part of the cluster, however, this fraction is hardly changed and
it is still too small.
In the ram-pressure model (lower panel), the increase of
the intermediate fraction is more remarkable around 0.5R200.
It is because that small threshold B/T value between disk-
dominated class and intermediate class can reflect the small in-
crease in B/T ratio by the ram-pressure stripping.
Interestingly, the intermediate fractions at the central part of
the cluster have almost the same value in all cases. That is, the
intermediate fraction at the cluster center is hardly affected by
either the change of B/T criterion or the existence of the ram-
pressure stripping. The reason is considered as follows. Ac-
cording to Okamoto & Nagashima (2001), galaxies in the cen-
tral part of clusters typically separate into two types, i.e. almost
pure disk galaxies and almost pure bulge galaxies, under the
morphological evolution model only by major mergers. Even-
tually, ram-pressure stripping cannot affect the morphology of
such pure disk or bulge systems, because the B/T ratios are not
changed even if their disks are faded by the ram-pressure strip-
ping. Okamoto & Nagashima (2001) have suggested that the
intermediate fraction at the cluster center is always too small
independent of the value of fbulge and morphological thresholds
in B/T classification.
Our conclusion is that we need additional mechanisms other
than the ram-pressure stripping as the processes that directly
change the morphology of disk-dominated galaxies into inter-
mediate galaxies.
5. DISCUSSION
In this paper, we show the method to incorporate the ram-
pressure stripping in a galaxy formation model that connected
with cosmological N-body simulations. This method enables
us to investigate effects of ram-pressure stripping in a fully cos-
mological context, namely, we can examine the effects follow-
ing both the cluster and galaxies evolution. We have separately
treated the stripping of diffuse hot gas confined in dark halos
and stripping of cold gas in galactic disks by ram-pressure from
an ICM. By this treatment, we clarify the effects of the ram-
pressure stripping.
First of all we have examined effects of the hot gas stripping
and confirmed the conclusion of previous studies using phe-
nomenological models by comparing our model galaxies with
CNOC sample. That is, observed color and SFR gradients in
cluster galaxies arise naturally in hierarchical clustering by rel-
atively slow truncation of star formation after they accrete on
larger objects (Balogh, Navarro, & Morris 2000; Kodama &
Bower 2001; Diaferio et al. 2001). Such truncation is caused
by the hot gas stripping in our model. After a galaxy fall into
clusters star formation is gradually terminated in its star forma-
tion time-scale (∼ 3 Gyr), because there is no supply of fresh
cold gas from the hot gas reservoir.
By comparison of the galaxy population in the standard and
ram-pressure models, we find that the role of the ram-pressure
stripping of cold gas is quite small. This is because that star for-
mation in cluster galaxies is sufficiently suppressed only by the
hot gas stripping, therefore the amount of the cold gas remain-
ing in the galaxies is very small when the cold gas is stripped
by the ram-pressure. As a result, the effects of the ram-pressure
stripping become negligible compared with observational er-
rors.
Our model without the ram-pressure stripping is also suc-
cessful in explaining the observed distribution of the bulge-
dominated galaxies as a function of clustercentric radius. This
result suggests that the formation model of bulges by ma-
jor mergers gives good explanation to the formation of bulge-
dominated population in clusters. On the other hand, this model
produces much smaller fraction of intermediate galaxies in the
cluster comparing with CNOC sample. Above results are per-
fectly consistent with the previous studies (Okamoto & Na-
gashima 2001; Diaferio et al. 2001). Our major interest is
whether this deficiency of the intermediate population can be
solved by including the ram-pressure stripping in our model.
The results are follows. While the bulge-dominated and in-
termediate fractions are slightly increased by the ram-pressure
stripping and these fractions show better agreement with the
observation, these changes are quite small and the deficiency of
the intermediate population still exists.
The problem on the morphological evolution model by major
mergers is that galaxies in the very high-density regions typi-
cally separate into two morphological types, almost pure bulge
and almost pure disk galaxies, as discussed by Okamoto & Na-
gashima (2001). The suppression of the star formation can-
not changes the morphologies of such one-component systems.
We then conclude that we should consider other morphological
evolution mechanisms that change the morphology of the disk-
dominated galaxies directly into the intermediate galaxy type.
The cumulative accretion of small satellites (Walker, Mihos, &
Hernquist 1996), the merger of the spiral galaxies with inter-
mediate mass ratio (Bekki 1998), and the galaxy harassment
(Moore et al. 1996, 1998, 1999) are promising mechanisms to
match the intermediate galaxy fraction with the observed one.
We conclude that the influence of the ram-pressure stripping
of disk cold gas on the properties of cluster galaxies is quite
small and the hot gas stripping is the most important process
to understand galaxy population in clusters. The ram-pressure
stripping would play an important role if we adopted much
longer star formation time-scale. However, such star forma-
tion time-scale cannot reproduce the observed cold gas content
in the local galaxies.
In this paper we have discussed the effects of gas stripping on
cluster galaxies by comparing the radial gradients in the simu-
lated cluster with the observations rather than the redshift evo-
lution of the cluster galaxies. We plan to investigate the red-
shift evolution of cluster galaxies including some morphologi-
cal evolution model that are not treated here in due course.
We are grateful to S. Mineshige, Y. Fujita, and T. Kodama for
their fruitful comments. Numerical computation in this work
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TABLE 1
PARAMETERS OF SIMULATIONS
Simulation Constraint Nh Nl h l mh ml Rsim Mlargest
Field None 636008 824438 5 20 5.5× 108 4.4× 109 20 1.87× 103
Cluster 3σ peak 1121534 95406 5 50 5.5× 108 3.5× 1010 22.5 5.23× 104
Note. — Subscripts h and l indicate high-resolution and low-resolution particles, respectively. a length unit is h−1 Mpc
and a mass unit is h−1 M
TABLE 2
PARAMETERS OF GALAXY FORMATION MODEL
Vhot (km s−1) αhot τ 0∗ (Gyr) α∗ fbulge y (Z)
200 2.0 2.0 -1.3 0.2 3.0
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FIG. 1.— Density map (top panel), the x–y projection of the particles contained in FOF-halos (middle panel), and projection of those in SKID-halos (bottom
panel) within cluster’s virial radius at z = 0.
12 Okamoto & Nagashima
FIG. 2.— B-band luminosity functions in the field model. Squares, asterisks, diamonds, and triangles indicate observed luminosity functions taken from APM,
ESP, UKST, and 2dF, respectively. The luminosity function by the reference model is represented by the solid line. The luminosity functions with (τ 0∗/Gyr,
α∗) = (1.0,−2.0) and with Vhot = 300 km s−1 are indicated by the dotted and dashed lines, respectively.
FIG. 3.— The cold gas content of spiral and irregular galaxies as a function of luminosity. In each panel the dot-dashed line shows observational estimate of the
median of the distribution of the MHI /LB by (Huchtmeier & Richter 1988). In upper panel, the thick solid line indicates the cold hydrogen fraction, 0.75Mcold/LB,
of our galaxies with T ≥ 1 in the reference model. In lower panel, the models with τ 0∗ = 1.0 Gyr and α∗ = 0.0 are represented by the thick solid and dotted lines,
respectively. The error bars show the 25th to 75th percentile of the distribution. There are some bins that contain only one or two galaxies at the bright end, we then
attach the error bars by the simple 1/
√
n method to these points.
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FIG. 4.— Color-magnitude diagrams for the ellipticals within cluster’s core in the standard model at z = 0. Left: Upper and lower panels show MV v.s. U–V and
MV v.s. V–K, respectively, for the model with y = 3Z (reference model). Right: Same as the left panels but for the model with y = 2Z. The solid lines show the
observed color-magnitude relation for cluster ellipticals by Bower, Lucy, & Ellis (1992), which are applied aperture correction (Kodama et al. 1998).
FIG. 5.— B-band luminosity functions of cluster galaxies. The solid and dotted lines indicate the luminosity functions of the standard model and the ram-pressure
model, respectively. The dashed line is the luminosity function of the Virgo cluster galaxies by Sandage, Binggeli, & Tammann (1985).
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FIG. 6.— Color-magnitude diagrams at z = 0. We show U −V colors of galaxies in the field model (top panel) and galaxies within clusters’ core in the standard
(meddle panel) and ram-pressure (bottom panel) models as a function of V -band luminosity. Galaxies with T < 0.92 by eq. (8) are classified as early-type galaxies
(diamonds) and other galaxies are classified as late-type galaxies (pluses). The solid lines show the observed color-magnitude relation for cluster ellipticals by
Bower, Lucy, & Ellis (1992), which are applied aperture correction (Kodama et al. 1998).
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FIG. 7.— The SFRs of galaxies with MR < −20.5 are plotted as a function of projected radius at z = 0.2. The SFRs have been scaled by dividing by the median
SFR of field galaxies at the same magnitude and redshift, and they are added 1. The triangles and squares indicate the median SFRs in the standard model and in
the ram-pressure model, respectively. The observed SFRs of the galaxies in the CNOC sample are taken from Diaferio et al. (2001) and shown by the asterisks. The
dot-dashed line indicates the median SFR in the field model. An error bar shows the 25th to 75th percentile of the distribution in each bin.
FIG. 8.— The rest frame B −V colors of cluster galaxies with MR < −20.5 are plotted as a function of projected radius. In the top panel, the diamonds denote the
observed median colors of the CNOC sample, which are taken form Diaferio et al. (2001). The median color of field galaxies with MR < −20.5 at the same redshift
range are shown by the dotted line. In the middle panel and the bottom panel we show the median colors at z = 0.2 by the standard model and ram-pressure model,
respectively. The median color of the galaxies in the field model with MR < −20.5 at z = 0.2 is shown by the dotted line in each panel. An error bar shows the 25th
to 75th percentile of the distribution in each bin. We also show the 25th to 75th percentile of the distribution for the galaxies in the field model by the dashed lines.
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FIG. 9.— The morphological fractions are plotted as a function of projected radius. The diamonds, triangles, and squares indicate the bulge-dominated,
intermediate, and disc-dominated type galaxies, respectively. In the top panel we show the observed fractions for the galaxies with MR < −20.5 in the CNOC
sample, which are taken from Diaferio et al. (2001). In the middle and bottom panels we show the morphological fractions obtained in the standard and ram-
pressure models, respectively. The boundaries between the morphological classes are chosen so that the fractions in the field model match the fraction of the field
galaxies in the CNOC sample. The symbols at r/R200 = 2 indicate the fractions in the field in each panel. The error bars present the Poisson errors.
FIG. 10.— Same as Fig. 9 but for the classification for the intermediate class with 0.15 < B/T < 0.4. We show the morphological fractions in the standard model
and ram-pressure model in the upper panel and lower panel, respectively.
